Introduction
============

Hypoxia is present in the majority of primary and secondary solid human tumours and occurs as a consequence of the rapid tumour growth and the poorly organised vasculature ([@b1-or-35-04-1925]). Tumour hypoxia represents a significant clinical problem since it increases resistance to radiotherapy and many conventional chemotherapeutic agents, in addition to promoting malignant progression and formation of metastases ([@b2-or-35-04-1925],[@b3-or-35-04-1925]). Notably, these hypoxic regions are a unique feature of solid tumours that does not occur in normal tissues and thereby, they are potentially exploitable in the development of cancer-specific therapies. This has led to the development of bioreductive drugs that are preferentially toxic to the hypoxic cells known as the \'hypoxia-activated prodrugs\'. Agents currently under investigation include the dinitrobenzamide mustard drug PR-104 (Proacta), the nitroimidazole drug TH-302 (Threshold Pharmaceuticals), the dinitroazetidine compounds ([@b4-or-35-04-1925]) and the lead hypoxia-selective Tirapazamine Analogue SN30000 ([@b5-or-35-04-1925]).

A further class of hypoxia-activated prodrugs is exemplified by Banoxantrone (AQ4N), which is an aliphatic *N*-oxide (AstraZeneca) and its recently developed analogue OCT1002 (OncoTherics) ([@b6-or-35-04-1925]). AQ4N exhibits minimal toxicity in normoxic cells but under hypoxic conditions, the drug undergoes two sequential 2e^−^ reductions, via the mono *N*-oxide AQ4M, to give the toxic metabolite AQ4 ([@b7-or-35-04-1925]). The latter is a stable, potent topoisomerase II inhibitor and DNA intercalator. It is also unaffected by tumour reoxygenation, does not undergo futile cycling and has been shown to be efficient in exerting bystander cell killing ([@b8-or-35-04-1925]).

AQ4N is well-documented in murine and human pre-clinical models as a very effective enhancer of radiotherapy ([@b9-or-35-04-1925],[@b10-or-35-04-1925]), chemo(cisplatin)-radiotherapy ([@b10-or-35-04-1925]) and cyclophosphamide chemotherapies ([@b11-or-35-04-1925]). Although hypoxia is a pre-requisite, enzymatic reduction is the key process controlling the activation and toxicity of AQ4N ([@b12-or-35-04-1925]). Cytochrome P450 enzymes are important activators of the prodrug, leading to enhanced response of tumours to AQ4N ([@b13-or-35-04-1925],[@b14-or-35-04-1925]). Unfortunately, the levels of these enzymes can vary considerably within tumours ([@b15-or-35-04-1925]). Recently, we and other researchers have made the observation that an alternative oxygen-dependent enzyme, known as inducible nitric oxide synthase (iNOS) is an efficient activator of AQ4N ([@b8-or-35-04-1925],[@b16-or-35-04-1925]).

iNOS is commonly overexpressed in tumours compared to normal tissues and its expression levels have been linked to tumour grade ([@b17-or-35-04-1925]--[@b19-or-35-04-1925]), making it a potential biomarker for targeted therapies. The enzyme is a homodimer protein in which each monomer contains an oxygenase domain at its amino-terminal and a reductase domain at its carboxy-terminal end ([@b20-or-35-04-1925]). The iNOS reductase domain shares considerable homology with NADPH: cytochrome P450 reductase ([@b21-or-35-04-1925]), whereas the oxygenase domain is responsible for the conversion of L-arginine to citrulline with the release of nitric oxide (NO) in the presence of oxygen ([@b22-or-35-04-1925]). NO has direct cytotoxic properties and its role as an efficient radiosensitiser is well-established ([@b23-or-35-04-1925],[@b24-or-35-04-1925]).

The purpose of the present study was to investigate the potential of exploiting the dual role of iNOS as a prodrug activator and NO generator in enhancing tumour response to anticancer therapies. This was achieved by assessing the *in vitro* toxicity of AQ4N alone or combined with radiation in cell lines with variable levels of iNOS activity.

Materials and methods
=====================

Chemicals and gases
-------------------

Mixtures of varying oxygen concentrations balanced with nitrogen/5% CO~2~ were purchased from the British Oxygen Company (London, UK). (AQ4N, 1,4-Bis-{\[2-(dimethylamino-*N*-oxide)ethyl)amino-5,8-dihydroxyanthracene-9,10-dione)} was kindly provided by AstraZeneca (formally KuDOS Pharmaceuticals Ltd., Cambridge, UK). Recombinant murine interferon-γ (IFN-γ) was purchased from R&D Systems (Abingdon, UK). All other reagents were of analytical grade and were purchased from Sigma Chemical Co. (Poole, Dorset, UK).

Cell culture
------------

Human fibrosarcoma HT1080 cells were obtained from the European Collection of Animal Cell Cultures (ECACC; Salisbury, UK). Cells were routinely cultured in RPMI-1640 medium supplemented with 2 mM L-glutamine (both from Gibco, Paisley, UK) and 10% fetal calf serum (LabTech International, Ringmer, UK). Puromycin-resistant iNOS clones were cultured under identical conditions in the presence of puromycin (2.5 *µ*g/ml) and 100 *µ*M N-methyl-l-arginine (NMLA). The cells were incubated under normoxic (21% O~2~) conditions at 37°c in a humidified atmosphere of 95% air: 5% CO~2~. Anoxic incubations were carried out at \<0.01% O~2~ in a catalyst induced hypoxic environment (Bactron Anaerobic Chamber, Sheldon Manufacturing, Inc., Cornelius, Or, USA). Hypoxic (0.1 and 1% O~2~) exposures were achieved by placing cells in sealed containers and flowing the appropriate gas mixture (0.1 or 1% O~2~, plus 5% CO~2~ in N~2~) for up to 24 h.

Generation of stable HT1080 cells overexpressing iNOS
-----------------------------------------------------

The mammalian expression vector, pEF iNOS12-puro containing the iNOS and puromycin resistant genes was constructed and transfected into HT1080 parental cells, as previously described ([@b25-or-35-04-1925]). The stability of transfected clones was frequently monitored by growing cells in the presence of puromycin (2. 5 *µ*g/ml) and checking the iNOS reductase and oxygenase activities.

Induction of iNOS expression using cytokines
--------------------------------------------

Exponentially growing cells were harvested, seeded into 10 cm dishes (Falcon, Becton-Dickinson), and incubated for 24 h. Cells were then exposed to the combination of IFN-γ (100 ng/ml) and LPS (50 *µ*g/ml) in serum-free medium for 24 h. After treatment, LPS and IFN-γ were washed out from cultures, and serum was returned into the medium.

Measurements of iNOS oxygenase and reductase activity
-----------------------------------------------------

Determination of enzymatic activity was made in cell lysates prepared from exponentially growing cultures. The oxygenase activity of iNOS was measured by monitoring the conversion of L-\[U-^14^C) arginine to L-\[U-^14^C) citrulline under fully aerobic conditions ([@b25-or-35-04-1925]).

The iNOS reductase activity was determined by the NADPH-dependent reduction of cytochrome *c*, as previously described ([@b26-or-35-04-1925], [@b27-or-35-04-1925]).

Protein determination
---------------------

The amount of total protein in the cell lysates was determined by the Pierce bicinchoninic acid (BCA) assay ([@b28-or-35-04-1925]) using bovine serum albumin as a protein standard.

Drug sensitivity studies
------------------------

Cells with or without prior treatment with cytokines for 24 h were washed in phosphate-buffered saline (PBS), harvested and seeded at different densities (500--5×10^4^ cells) into 6 cm dishes (Falcon, Becton-Dickinson). Cells were then exposed to different oxygen conditions (normoxia, 1% oxygen, 0.1% oxygen or anoxia) for 24 h before treatment with AQ4N for 90 min. After treatment, the cells were washed and fresh medium containing 100 *µ*M of the iNOS inhibitor NMLA was added. Survival was measured by colony formation assay 8--10 days later and individual colonies containing \>50 cells were scored. Clonogenic survival was calculated for each drug dose after correcting for plating efficiency and values of ic~10~, the concentration of the drug required to result in 10% survival, were calculated from clonogenic survival curves.

AQ4N-radiation combination studies
----------------------------------

Cells with or without prior treatment with cytokines were seeded and exposed to the different oxygen concentrations as described above. The cells were then treated with varying concentrations of AQ4N in the presence or absence of NMLA and X-ray was delivered at 0.75 Gy/min. The cells were then washed and fresh medium containing NMLA was added. Survival was measured by colony formation assay 8--10 days later. The sensitizer enhancement ratio (SER) for radiation was calculated by dividing the AQ4N dose that gives a surviving fraction of 0.1 (IC~10~) for unirradiated cells by the AQ4N dose for cells treated with AQ4N plus radiation. The contribution of NO to the SER was calculated by dividing the IC~10~ for AQ4N for irradiated cells in presence of NMLA by the IC~10~ for AQ4N obtained in the absence of NMLA.

Statistical analysis
--------------------

All data shown are from at least three independent experiments. Drug and radiation survival curves were plotted after correction for the plating efficiency of untreated cells. Statistical analysis was carried out with unpaired two-tailed t-tests and a P-value ≤0.05 was considered to indicate a statistically significant result.

Results
=======

Upregulation of iNOS activity in human tumour cells
---------------------------------------------------

We have employed an expression vector containing the cdNA for human iNOS to transfect HT1080 tumour cells. A clone (NOS~12~) was selected based on stable expression of high iNOS activity as determined by the conversion of ^14^C-L-arginine to citrulline (71.39 pmol/min/mg compared to 0.94 pmol/min/mg for parental cells). Catalytic activity of the reductase domain as determined by the NADPH-dependent reduction of cytochrome *c* was also elevated (16.12 nmol/min/mg in HT1080-NOS~12~ compared to 3.71 nmol/min/mg for parental cells).

Induction of the iNOS protein using a cocktail of cytokines resulted in significant increase in enzymatic activity with a 2.5- and 7-fold increase in reductase and oxygenase activities, respectively, when compared to parental cells ([Fig. 1](#f1-or-35-04-1925){ref-type="fig"}).

Induction of the iNOS oxygenase activity reflects an enhanced potential for generating NO and as previously shown, NO production is oxygen-dependent ([@b24-or-35-04-1925]) and this provides the basis for carrying out the subsequent drug/radiation experiments at different oxygen tensions.

Exposure of the cells to the cytokine cocktail did not affect the activity of cytochrome P450 reductase as shown in [Fig. 2](#f2-or-35-04-1925){ref-type="fig"}. This, therefore, discounts the possibility of additional contribution of P450 reductase to drug activation following treatment with cytokines.

Increased iNOS activity selectively enhances the cellular toxicity of AQ4N in hypoxia
-------------------------------------------------------------------------------------

Toxicity of AQ4N to HT1080 parental and cytokine-induced cells, and the iNOS~12~ clone was determined by exposing the cells to the drug for 90 min under different oxygen conditions (normoxia, 1 and 0.1% hypoxia and anoxia). At this stage, the cells were cultured in medium containing the iNOS inhibitor NMLA to preclude any contribution to toxicity by NO. Cytotoxicity was then measured using clonogenic survival assay and the data are presented in [Fig. 3A--C](#f3-or-35-04-1925){ref-type="fig"}.

The normoxic IC~10~ value of AQ4N (12.4 *µ*M) in HT1080 parental cells did not significantly change following induction with cytokines or transfection with the iNOS gene (\~9 *µ*M in both cell lines). In fact, sensitivity of the three cell lines to AQ4N was dependent on both hypoxia and the level of iNOS activity with HT1080 iNOS~12~ cells exhibiting the highest sensitivity to the drug under conditions of hypoxia and this corresponds to the higher level of iNOS activity in these cells.

For example, under conditions of 1% oxygen, there was a 1.3-fold decrease in the IC~10~ value of HT1080 parental cells, a 2.7-fold decrease in the IC~10~ value of cytokine-induced cells and a 3.4-fold decrease in the IC~10~ value of HT1080 iNOS~12~ cells in comparison to their corresponding normoxic IC~10~ values. Under more severe hypoxic conditions (0.1% oxygen level), there was a 1.9-, 4.7- and 7.1-fold increase in AQ4N cytotoxicity in HT1080 parental, cytokine-induced cells and HT1080 iNOS~12~ cells, respectively. In anoxia, these values further increased to 2, 5.1 and 10.9 in each of the cell lines.

Radiation enhances the chemotherapeutic effects of AQ4N in iNOS-expressing cell lines
-------------------------------------------------------------------------------------

The effect of a low radiation dose (2 Gy) on the cellular toxicity of AQ4N was examined in the two cell lines expressing different levels of iNOS activity: HT1080 iNOS~12~ and cytokine-induced HT1080 cells. NMLA was also present in the cultures during the course of these experiments to exclude any contribution by NO.

We found that cytotoxicity of AQ4N was enhanced by radiation in both cell lines when compared to exposure to the drug alone. This enhancement was significant only under anoxic and hypoxic conditions ([Fig. 4](#f4-or-35-04-1925){ref-type="fig"}). The drug dose required to achieve 10% survival of HT1080 iNOS~12~ cells in anoxia was 0.75 *µ*M. However, when the cells were exposed to a radiation dose of 2 Gy immediately after AQ4N treatment, the dose required to achieve 10% cell survival was further reduced to 0.38 *µ*M, representing a 2-fold enhancement in cytotoxicity of AQ4N. Under 0.1% oxygen conditions, 1.15 *µ*M of AQ4N was required to achieve 10% cell survival, whereas, when AQ4N was combined with radiation, the drug concentration required fell to 0.55 *µ*M, leading to another 2-fold increase in toxicity of the prodrug. Again, under 1% oxygen conditions, radiation led to a 1.8-fold increase in sensitivity of the cells to AQ4N ([Fig. 4A](#f4-or-35-04-1925){ref-type="fig"}).

A similar pattern was observed with the cytokine-treated cells, although higher drug concentrations were required to achieve similar results which could be explained by their lower ability to activate AQ4N. For example, under anoxic conditions, 1.68 *µ*M of AQ4N was required to achieve 10% survival in anoxia, which further decreased to 0.75 *µ*M when the cells were exposed to radiation, leading to a 2.2-fold enhancement in drug toxicity. In 1% oxygen conditions, a concentration of 3.2 *µ*M of AQ4N was needed to achieve 10% cell survival, and this requirement was again reduced to 1.6 *µ*M after irradiation, representing a 2-fold enhancement ([Fig. 4B](#f4-or-35-04-1925){ref-type="fig"}).

NO enhances the radiosensitising effects of AQ4N
------------------------------------------------

The effect of endogenously produced NO on the sensitivity of cells to the combination therapy of radiation (2 Gy) and AQ4N was assessed in HT1080 iNOS~12~ clones and cytokine-induced HT1080 cells. We demonstrated that AQ4N was most potent when NO release was allowed prior to irradiation. The results suggest that this increase in potency is due to the NO-mediated \'fixing\' of the radiation-induced damage which was observed in intermediate oxygen conditions only. There was a 1.4- and 2.2-fold increase in sensitivity of HT1080 iNOS~12~ cells to AQ4N/radiation treatment when NO was present under conditions of 0.1% and 1% oxygen, respectively ([Fig. 5A](#f5-or-35-04-1925){ref-type="fig"}). Therefore, compared to the drug alone, 2.8- and 5.26-fold enhancement in AQ4N sensitisation was achieved with combination therapy of AQ4N/radiation/NO under 0.1% and 1% oxygenation levels, respectively.

This effect was comparable in HT1080 cytokine-induced cells ([Fig. 5B](#f5-or-35-04-1925){ref-type="fig"}). The sensitisation enhancement ratios for NO were 1.41 and 2.13 in 0.1 and 1% oxygen levels, respectively. Therefore, combination therapy of AQ4N/radiation/NO resulted in up to 4-fold increase in cell sensitisation when compared to AQ4N monotherapy under hypoxic conditions.

Evidence for the involvement of NO in this enhancement was provided by the addition of the NO inhibitor NMLA, which completely reversed the previously observed effect. As expected, no enhancement in cellular toxicity of either cell line was observed in anoxia since NO production is very limited. In addition, under normoxic conditions, iNOS expression and subsequent production of NO did not have any additive effect to oxygen in radiosensitisation of the cells.

Discussion
==========

AQ4N is an attractive hypoxia-activated prodrug since it penetrates deep into tumour tissue ([@b29-or-35-04-1925]), and its final toxic metabolite AQ4 is stable and generally localises to the hypoxic tumour regions as shown in both pre-clinical and clinical studies ([@b10-or-35-04-1925],[@b30-or-35-04-1925]). However, its cytotoxicity is disadvantaged by the limited *in vitro* bioactivation in several cancer cell lines incubated under hypoxic conditions ([@b31-or-35-04-1925]). In fact, significant cytotoxicity of AQ4N was only observed when hypoxic cells were incubated with NADPH supplemented microsomes ([@b32-or-35-04-1925]). Although, enzymes such as cytochrome P450 reductases are useful in activating bioreductive prodrugs in human cell cultures, their expression in tumours tend to be low and generally does not overlap with biomarkers of hypoxia such as carbonic anhydrase IX ([@b33-or-35-04-1925]). Therefore, our aim here was to mimic an *in vivo* situation where enzymatic activity is abundant. We chose nitric oxide (NO) synthase since the enzyme is widely expressed and often upregulated in multiple tumour tissues with an expression that correlates with tumour grade, high incidence of metastasis and poor prognosis ([@b18-or-35-04-1925],[@b19-or-35-04-1925],[@b34-or-35-04-1925]--[@b37-or-35-04-1925]). Immunohistochemical staining of breast tumour biopsies revealed that the expression of the NOS enzyme was mainly localised in areas between viable and necrotic regions of the tumour (presumably hypoxic regions) ([@b25-or-35-04-1925]). Therefore, considerable benefit could be gained by exploiting the inherent differences in NOS expression that can distinguish between normal and malignant tissues as well as its ability to produce a hypoxic cytotoxin and generate the strong radiosensitiser NO.

We initially examined the ability of iNOS to activate AQ4N and improve its toxicity *in vitro* in the human fibrosarcoma cells HT1080. AQ4N was shown to produce an oxygen-dependent effect as there was a clear difference in clonogenic cell kill between normoxic and hypoxic conditions with the greatest cell kill occurring in anoxia. AQ4N treatment targeted to the iNOS expressing cells led to further reductions in the drug dose required to achieve similar toxicity under all oxygen concentrations except normoxia. Our results are in agreement with the fact that both enzymatic activity and hypoxia are pre-requisites for the efficient activation of AQ4N ([@b12-or-35-04-1925]).

Combination therapy of AQ4N and radiation experiments demonstrate that enhancement of cytotoxicity was only observed in hypoxia without affecting well-oxygenated tissues. Therefore, combining the two therapeutic agents can increase toxicity to the hypoxic tumour cells without doing so in the critical normal tissues.

Although the role of NO as a radiosensitiser was first reported in hypoxic bacteria and human cells not long after oxygen ([@b23-or-35-04-1925],[@b38-or-35-04-1925]), it was not until recently that its potential radiosensitising properties have been rediscovered with the development of several NO-generating agents. These compounds showed that NO was almost as efficient as oxygen in improving the radiosensitivity of cancer cells ([@b39-or-35-04-1925]--[@b41-or-35-04-1925]). In the present study, we found that NO exhibited important cell-sensitisation characteristics to the combination of AQ4N and radiotherapy under hypoxic conditions. The fact that this enhancement was abolished by an iNOS inhibitor confirms the role of NO in mediating this effect. Under normoxic conditions, we believe that oxygen on its own is able to mediate maximal radiation-induced damage, hence, masking any radiosensitising effects of NO ([@b24-or-35-04-1925]). Using different oxygen conditions to model the varied oxygenation level usually found in tumour tissues, we were able to examine not only the cytotoxicity effects under different oxygen concentrations, but more importantly the changes in the level of radiosensitivity when NO was generated endogenously.

Obviously, rationale design of novel bioreductive drugs based on knowledge of their enzymology and heterogeneity of the tumour microenvironment is a vital approach in the development of anticancer therapeutics. Importantly, identifying a clinical cohort that is most likely to benefit from these prodrugs is essential in ensuring their success in the clinic. In the present study, we demonstrate that increased iNOS expression in hypoxic tumour cells presents a viable target to improve treatment outcomes with AQ4N and radiation without sensitising the healthy well-oxygenated tissues. Hopefully, lessons will be learned from previous failures of bioreductive drugs in clinical trials and a more personalised therapy approach will be adopted in the future.
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![iNOS enzymatic activity. (A) Cellular iNOS reductase activity and (B) iNOS oxygenase activity in parental (□), cytokine stimulated (LPS and IFN-γ) (▦) and iNOS~12~ (■) cells. Columns, average from at least three independent experiments; bars, SD. ^\*^P\<0.05.](OR-35-04-1925-g00){#f1-or-35-04-1925}

![Cytochrome P450 reductase levels. Activity measured in untreated and cytokine treated HT1080 cells in normoxic and anoxic conditions. Columns, average from at least three independent experiments; bars, SD.](OR-35-04-1925-g01){#f2-or-35-04-1925}

![Clonogenic survival curves showing the sensitivity of (A) HT1080 parental cells and (B) HT1080-iNOS~12~ clones. (C) LPS + IFN-γ treated HT1080 cells (with NMLA) to AQ4N. Symbols are for cells in anoxia (●), 0.1% oxygen (○), 1% oxygen (∆) and 21% oxygen (▼). Data represent the surviving fraction relative to that of untreated cells. Points, average from at least three independent experiments; bars, SD.](OR-35-04-1925-g02){#f3-or-35-04-1925}

![Clonogenic survival curves showing the effect of 2 Gy radiation dose on the sensitivity of (A) HT1080 iNOS~12~ clones (B) LPS + IFN-γ treated HT1080 cells to AQ4N in the presence of NMLA. Symbols are for cells in anoxia (●), 0.1% oxygen (○), 1% oxygen (Δ) and 21% oxygen (▼). Data represent the surviving fraction relative to that of untreated cells. Points, average from at least three independent experiments; bars, SD.](OR-35-04-1925-g03){#f4-or-35-04-1925}
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Clonogenic survival curves showing the effect of 2Gy radiation dose on the sensitivity of (A) HT1080 iNOS~12~ clones (B) LPS + IFN-γ treated HT1080 cells to AQ4N in the presence (●) and absence (○) of NMlA. Conditions tested anoxia, 0.1%, 1% and 21% oxygen. Data represent the surviving fraction relative to that of untreated cells. Points, average from at least three independent experiments; bars, SD. ^\*^P\<0.05.
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